Dentin sialophosphoprotein (Dspp) is mainly expressed in teeth by the odontoblasts and preameloblasts. The Dspp mRNA is translated into a single protein Dspp, and cleaved into two peptides, dentin sialoprotein (Dsp) and dentin phosphoprotein (Dpp), which are localized with in the dentin matrix. Recently, mutations in this gene were identified in human dentinogenesis imperfcta II (OMIM#125490) and in dentin dysplasia II (OMIM# 125420) syndromes. Herein, we report the generation of Dspp null mice that develop tooth defects similar to human DGI-III with enlarged pulp chambers, increased width of predentin zone, hypo-mineralization, and pulp exposure. Electron microscopy revealed irregular mineralization front and a lack of calcospherites coalescence in the dentin. Interestingly, the levels of biglycan and decorin, small lucine-rich proteoglycans, were increased in the widened predentin zone and in void spaces among the calcosperites in the dentin of null teeth. These enhanced levels correlate well with the defective regions in mineralization and further indicate that these molecules may adversely affect the dentin mineralization process by interfering with coalescence of calcospherites. Overall our results identify a crucial role for Dspp in orchestrating the events essential during dentin mineralization that include potential regulation of proteoglycan levels.
.
Recently, several mutations in the Dspp gene have been identified in families with DGI-II disorder. These mutations include a C-T transition at the end of 3 rd exon (Gln45stop) resulting in a premature termination of Dspp protein (19) , G-A transition mutation in intron 3 (splice donor site) causing exon skipping, and Pro17Thr and
Val18Phe transitions (8) . Dentin dysplasia-II (DD-II), another human disorder of dentin mineralization, that shares similarities with DGI-II, and is attributed to a Tyr6Asp protein transition mutation in the hydrophobic core sequence of dspp gene. This mutation disabled the entry of Dspp into the endoplasmic reticulum (20) . All these mutations indicate a potential function for Dspp in tooth mineralization. In order to characterize the molecular events that control dentin mineralization during normal tooth development and disease, we have deleted the entire Dspp coding region in embryonic stem (ES) cells and generated Dspp -/-mice. These null mice displayed an enlarged pulp cavity, widened predentin zone, decreased dentin width and high incidence of pulp exposures similar to DGI-III. Additionally, these mice showed an increased accumulation of biglycan and decorin within the widened predentin and scalloped (void spaces) regions in the dentin correlating well with defective mineralization.
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MATERIALS AND METHODS
Generation of Dspp -/-mice. Dspp genomic clones from a 129/SvJ mouse genomic library were cloned and characterized as reported earlier (4) . The targeting vector was constructed by standard recombinant DNA techniques; the Nsi/EcoRV region of exons 2-5 spanning the entire coding region of Dspp was replaced by promoter less ß-galactosidase gene with SV40 poly adenylation sequences (21) followed by a neomycinresistance and thymidylate kinase cassettes. The targeting vector was linearized with NotI and electroporated into 129SvJ R1 embryonic stem cells. ES-cell clones that survived G418 and gancyclovir selection were evaluated for homologous recombination by
Southern-blot analysis. ES cells were injected into C57BL/6 blastocysts and chimeric mice produced were mated to C57Bl/6 females to derive heterozygotes. Heterozygous mice were then interbred to obtain homozygous mice and maintained as homozygotes.
The null mice were viable and able to reproduce normally. All mice were housed according to NIH guidelines.
In Situ hybridization. Digoxigenin-11-dUTP labeled sense and anti-sense ribo-probes were generated from Dspp exons 3 and 4 (pSX1.7) and hybridized to the frozen tissue sections obtained from 6 day-old mouse teeth as previously described (22) .
Microradiography.
Wild-type and Dspp -/-mice were sacrificed and the mandibles were separated and radiographed using a Faxitron MX20 Specimen Radiography System (Faxitron X-ray Corp., Wheeling, IL) at energy settings 120sec at 15KV (22) . The images were captured with X-OMAT TL (Eastman Kodak Co., Rochester, NY).
Scanning and transmission electron microscopy:
The jaws were dissected from the control and mutant mice and immersed in a 2.5% glutaraldehyde and 2% paraformaldehyde (PFA) buffered solution (pH 7.4) for 12 hours. The jaws are then transfered to a 0.1 M cacodylate buffer solution (pH 7.4). The teeth were dissected from the jaws using a dissecting microscope and prepared for analysis using the following techniques. SEM: Teeth were fractured and the samples mounted with the fractured surface facing, coated with Au-Pd using a sputter coater and examined in a JEOL 6300
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Scanning Electron Microscope. Backscatter SEM: After fixation, whole mandibles were glued to a glass slide and polished to an optically flat surface (1/4 µm) using an automatic polisher. The jaws were removed from the glass slide using acetone and rinsed with ethanol and dH 2 O, air dried, mounted on a carbon stub, and carbon coated. The samples were examined using a JEOL 6300 SEM fitted with a backscatter detector (25 mm working distance, 15kV). TEM: Small pieces of the incisors and molars were dissected from the teeth and osmocated prior to serial dehydration in ethanol. After dehydration, the samples were embedded in epoxy and then sectioned with an ultra-microtome.
Sections were floated onto formvar grids and stained with uranyl citrate and lead acetate.
The samples were examined with a Phillips CM12 Transmission Electron Microscope.
Histology and mineral staining. The skulls from euthenized wild-type and Dspp -/-mice were dissected and fixed in 4% PFA. The fixed skulls were processed, and embedded in methyl methacrylate for 150 µm sections using ISOMET low speed saw (Buehler, Lake Bluff, IL) and stained for calcium by von Kossa's method. For general histology and for immunohistochemical analysis, mandibles were dissected, fixed in 4%
PFA, decalcified in 0.1M EDTA-sodium phosphate buffer for 3 weeks, dehydrated, and embedded in paraffin wax.
Glycosaminoglycans (GAGs) staining. Frozen frontal sections (6 µm) from 6 day-old wild-type and Dspp -/-mouse heads were cut and treated with 100 µl of 0.1U/ml chondroitinase ABC (Seikagaku America, Falmouth, MA) for 2 hours at 37˚C to digested the GAGs. Digested and undigested tooth sections were stained for the presence of sulphated GAGs with alcian blue reagent containing 0.5 M magnesium chloride at pH 0.5 according to Smith et al (23) .
RNA extraction and RT-PCR.
Incisors from adult wild-type and mutant mice were dissected out and split sagittally into two halves using a stainless steel mini scalpel 
Results:
Gene targeting strategy and generation of Dspp -/-mice: We have previously reported cloning and characterization of the mouse Dspp gene (4). The targeting construct was designed to replace the entire coding region of Dspp with the promoter-less ß-galactosidase gene (Fig. 1 a) . The successful disruption of the Dspp gene was confirmed
by Southern hybridization using a 3' flanking probe (data not shown). The targeted ES cells clones were injected into blastocysts to generate the chimeras. The high percentage chimeras were mated with wild-type mice to obtain heterozygous mice. Genotypes of these mice were confirmed by Southern hybridization using a 3' flanking probe (Fig. 1b) , and the lack of gene expression was analyzed by RT-PCR ( Fig. 1 c) , and by in situ hybridization using a Dspp exons 3 -4 specific riboprobe respectively ( Fig. 1 d, e). Dspp protein expression was analyzed by immuno-histochemistry ( Fig. 1 f, g ). The null mice did not show any overt tooth phenotype until 2-3 months of age. Occasionally, the incisors appeared broken in some older null mice ( Fig.1 h) .
Dspp -/-mice exhibit tooth mineralization defects:
Qualitative differences in mineral density between the controls and Dspp-/-molars and incisors ( Fig. 2 a-d) were observed in 70 day-old mice. The pulp chambers in the molars from mutant mice showed significant enlargement (Fig. 2 a, b) . Mineralization defects in the Dspp-/-mouse incisors were characterized as globular dentin with extensive inter-globular regions. The presence of globular dentin, a marker of abnormally mineralized dentin, was prominent at the incisal end of the Dspp-/-mice ( Fig. 2 d) compared to the wild type incisors (Fig. 2 c) .
Early signs of pulp exposure were observed in the molars of Dspp -/-mice from about 2-qualitatively by von Kossa's staining displayed no significant differences in the mutant mouse ( Fig. 2 i, j) . The alveolar bone resorption was evident around the tooth root only in the Dspp -/-teeth that were affected by pulp exposure as a result of hypomineralization of dentin. It has been reported earlier that alveolar bone resorption occurs due to inflammation in experimentally induced pulp infections in rodents (25) .
Reduced thickness of dentin, widened predentin and irregular mineralization front in
Dspp -/-teeth: Scanning electron microscopy of fractured Dspp-/-teeth showed an increased predentin region (Fig.3 a, b) with the scalloped (irregular) dentin-predentin border ( Fig. 3 c, d ). The irregular mineralization front observed in the null mice was due to a lack of proper coalescence of calcospherite. Void spaces and scalloped dentin in the mineralized dentin were also observed in Dspp -/-teeth ( Fig. 3 e, f, g, h) . The widened predentin in the Dspp -/-mouse teeth frequently lacked a visible dense collagenous network lining the dentinal tubules and the well organized intertubular dentin was absent due to masking of the fibers by increased hydration or by proteins ( Fig. 3 i, j) . Type I collagen fibrils, the most abundant component of the dentin extracellular matrix (DECM), appeared normal in the Dspp-/-dentin and were arranged in a similar pattern as that seen in the wild type tissue (Fig. 3 k, l) . The size of the collagen fibers and the cross striation dimension (control = ~67nM, Dspp-/-= ~60 nM from TEM measurements)
were similar and appeared normal in the Dspp -/-and control mice.
Increased proteoglycans in widened predentin of the Dspp -/-mice: Histological analysis revealed a marked reduction in the width of the mineralized dentin and an increase in the width of the predentin. The unmineralized layer (predentin) of molar (Fig. 4 a-d ) and incisor ( Fig. 4 e, f) dentin was similar to the widened predentin in human teeth affected with DGI-III (17, 18) . During active dentinogenesis in molars, the predentin layer was initially wide and subsequently reduced to minimum at the coronal region of the mineralized dentin. Proteoglycans are among the few molecules that are identified in the DECM and are synthesized and secreted by the odontoblasts. Prominent alcian blue staining which binds proteoglycans was observed in the widened predentin region in the null teeth (Fig. 4 i) , and was lost upon chondroitinase ABC treatment (Fig. 4 j) indicating increased levels and wider distribution of Proteoglycans in the predentin of the null mice relative to the controls. 
Increased expression of biglycan and decorin in the Dspp

Increased biglycan and decorin may be associated with mineralization defects in Dspp-/-teeth:
To examine whether biglycan and decorin are involved in mineralization mechanisms, we analyzed their levels in the Dspp -/-and wild-type mouse teeth. In 6 day-old Dspp -/-mouse teeth, strong immunoreactivity for biglycan and decorin was observed in the predentin (Fig. 6 b, h ) compared to controls (Fig. 6 a, g ). Similarly, increased immunoreactivity of biglycan and decorin was also observed in 15 day-old (Fig. 6 d, j )and 1year old (Fig. 6 f, l) mouse teeth without pulp exposure. The prominent irregularity of the mineralization front observed in the teeth of Dspp-/-mouse can be correlated with the lack of coalescence of the calcospherites in the mineralization process. Interestingly, high levels of biglycan and decorin were accumulated in the void spaces in the dentin (Fig. 7 a, b) where the calcosperites are not properly coalesced ( Fig.   7 c, d ). These data suggest that increased localization of biglycan and decorin in the predentin and dentin may potentially interfere with the mineral nucleation and subsequent coalesence of calcospehiretes in forming a defined mineralization front.
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Discussion:
Biomineralization of dentin extracellular matrix requires complex interactions among several collagenous and non-collagenous molecules. Dspp, an important molecule in the dentin, is cleaved into Dsp and Dpp and localized predominantly in the dentin.
Based on its gene expression and localization within the DGI-II locus on human chromosome 4q, Dspp is implicated as a critical molecule in converting predentin to dentin and, recently observed mutations in the Dspp gene in DGI patients further support its potential role in dentin mineralization. The primary phenotypic features seen in DGI-II and DGI-III are defective dentin that had been largely attributed to functionally defective or reduced levels of Dspp products, Dsp and Dpp (33) or due to mutations in the Dspp gene (8, 19) . These disorders also show significant phenotypic variations and degree of severity. It has been suggested the the DGI-III phenotype could develop due to the homozygosity of DGI-II mutation (17, 34) . In order to analyze precise functions of Dspp in tooth mineralization, we generated Dspp -/-mice, which develop defective and reduced dentin mineralization and pulp exposures similar to DGI-III patients.
Mineralization of dentin is initiated at the predentin-dentin interface and forms the mineralization front, characterized by the presence of multiple globular mineral foci "calcospherites". These calcospherites grow and coalesce with the adjacent calcospherites to form a relatively uniform mineralization front. A lack of proper coalescence of calcospherite in the dentin, an irregular mineralization front and scalloped dentin similar to the DGI-III patients (18) were observed in the Dspp -/-mice. Type I collagen is the main component secreted by the odontoblasts which forms a visible network around the dentinal tubules in the peritubular region and in the intertubular predentin region. Such network was not visible in the null mice due to increased hydration. Similar observations were made earlier in DGI (35) . However, type I collagen bundles and organization in the DECM appeared normal in the Dspp nul mice. The mRNA levels were also unaltered in these mice indicating that the mineralization defects observed in the teeth of Dspp-/-mice were independent of collagens.
During dentin mineralization, phosphoproteins, sialoproteins, proteoglycans and growth factors interact with each other to form predentin, which subsequently mineralize to form dentin. A number of biochemical and immunohistochemical studies have demonstrated the presence of chondroitin sulfate, GAGs in calcified tissues including teeth (27) . Proteoglycans belong to a family of glycoconjugates and contain one or more
GAGs covalently attached to the protein core. The GAGs are known to bind calcium and interact with hydroxyapatite and can be readily detectable by alcian blue staining (23, 28, 36) . Wider distribution of GAG staining observed in the predentin region of Dspp-/-mice indicated the presence of proteoglycans. Among SLRPs, decorin and biglycan have been well characterized for their presence in the tooth. In mouse teeth, decorin was localized in odontoblasts, predentin, and dentin, and biglycan in the same sites except the dentin (37) . In vitro studies have implied that decorin and biglycan play a crucial role in fibril growth and assembly. Decorin binds to specific sites of collagen fibrils very close to, the putative hydroxyapatite nucleation site, a `gap' zone, where mineral is preferentially deposited in the early stage of mineralization (38, 39) . Decorin also functions as an inhibitor of mineralization during primary occification of rat embryo bones (40) . Interestingly, biglycan facilitates the initiation of apatite formation and inhibits the growth of apatite (41) . Overall it appears that decorin and biglycan may have distinct roles in mineralization process. The teeth of biglycan and decorin null mice also show widened and porus dentin and changes in collagen fibril diameter indicating crucial regulatory role for decorin and biglycan in the tooth mineralization (Young et al unpublished data). Increased width of the enamel in the biglycan null teeth further indicated a repressor role in enamel mineralization (42) .
The increased levels and distribution of biglycan and decorin in the predentin of Dspp -/-teeth indicate that the increased biglycan and decorin may play a crucial role in the formation of defined mineralization front. The gap zones and their connected channels in the collagen fibrils are the predominant hydroxyapatite nucleation sites in the early mineralization stage (43, 44) . Furthermore, it has been demonstrated that phosphophoryn, a putative initiator of mineralization in dentin, is localized in the collagen fibril gap zones (45) . Decorin binding to the gap zones of collagen fibril or near them may potentially block the mineralization sites and prevent interactions between collagen and the molecules that initiate mineralization (46) .
It is also interesting to note that the Dspp products Dsp and Dpp, implicated in the tooth mineralization, could alter the levels of the proteoglycans. A number of factors have been known to regulate the expression of biglycan and decorin in a variety of tissues. TGF-ß, a multi-functional cytokine increases the levels of biglycan in MC3T3 cells (47) . Earlier we have demonstrated down regulation of Dspp expression in Dspp-TGF-ß1 transgenic mice leading to dysplastic dentin (22) . In these transgenic mice we also observed elevated levels of biglycan and decorin by odontoblasts (Thyagarajan et al, unpublished data). The elevated levels of proteoglycans in Dspp-/-mice and their distribution in the non-mineralized regions of teeth suggest that the Dspp gene products may control proteoglycans in the coronal regions of the dentin where the mineralization process is complete. In addition, type I collagen levels in Dspp -/-teeth were unaffected.
Therefore, we suggest that the increased levels of proteoglycans in the mutant mice interact with the collagen fibrils and promote the maturation process, however, may fail to dissociate from the mature collagen required for subsequent dentin mineralization.
This may be as a result of either reduced rate of their turnover or accelerated rate of synthesis (gene regulation) or the combination of both contributing to the increased nonmineralized region. Therefore, we propose that Dspp gene products, in addition to their suggested role in the nucleation of mineralization, may play a pivotal role in regulation of proteoglycans during dentinogenesis. Overall, our results indicate that the absence of Dspp and the altered regulation of proteoglycans may be the causative factors that contribute to the mineralization defects in this disorder surrounding the teeth (*). ab, alveolar bone; de, dentin; en, enamel; pd, predentin; p, pulp; to, tongue; in, incisors; m1, molar 1; m2, molar 2; m3, molar 3. organization of collagen fibrils/bundles (arrow). de, dentin; en, enamel; p, pulp; pd, predentin; dt, dentinal tubules. Similarly, the expression of decorin in P6 (g, h), P15 (i, j) and 1 year-old (k, l) wild-type ( g, i, k) and Dspp -/-(h, j, l), teeth indicate elevated levels in the predentin region of Dspp -/-teeth. de, dentin; od, odontoblasts; pd, predentin, cal, calcosperites. showing the (*) void spaces in the dentin similar to the lightly stainied regions (unmineralized) in H&E (d) stained teeth. de, dentin; cal, calcosperites.
